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The purpose of this study was to assess oxidative stress biomarkers prior to and
following different forms of exercise. Ten elite male judokas (age: 18.1 ± 1.7 years,
athletic experience: 6 years with a training frequency of 6 Judo-sessions/week)
performed three cycle ergometry sessions comprising a 30 s Wingate test (MAX),
30 min at 60% maximal-aerobic-power-output (LOW) or these two exercise protocols
combined (COMBINED) in a repeated-measures design. Venous blood-samples were
collected before, and 0(P0), 5(P5), 10(P10) and 20(P20) min after each exercise protocol
and assessed for malondialdehyde concentration ([MDA]), glutathione peroxidase (GPX),
superoxide dismutase (SOD) and glutathione reductase (GR) content, and total-
antioxidant-status (TAS). Plasma [MDA] was found to be increased above baseline at
P0 and P5 in the MAX, LOW and COMBINED conditions (p < 0.05), but was greater
at P10 and P20 in the LOW condition compared to MAX and COMBINED conditions
(p < 0.05). Blood GPX and SOD content increased above baseline at P0 in MAX and
COMBINED and at P5 in LOW (p< 0.05), with GR content being similar between groups
at P0 and P5 (p > 0.05). 20 min post-exercise, GPX, SOD, GR content and TAS were
lower in the MAX compared to the LOW and COMBINED conditions (p < 0.05). In
conclusion, the findings from this study reveal that redox-related biomarkers exhibited
divergent response dynamics following different forms of exercise, which might have
implications for understanding the mechanisms of exercise-induced skeletal muscle
fatigue and adaptive remodeling.
Keywords: redox biomarkers, physical exercise, cycle ergometer, physiological responses, response to exercise
INTRODUCTION
Reactive oxygen species (ROS) are free radical molecules that can oxidatively modify and damage
cellular constituents including lipids, proteins and DNA (Leeuwenburgh and Heinecke, 2001;
Bloomer et al., 2007). In healthy adults at rest, ROS-mediated oxidative damage is mitigated by
a variety of enzymatic [e.g., superoxide dismutase (SOD), catalase and glutathione peroxidase
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(GPX)] and non-enzymatic (e.g., glutathione, ascorbic acid,
and α-tocopherol) antioxidants (Matés et al., 1999). However,
in certain disease conditions (Bloomer and Goldfarb, 2004),
and during exercise of a sufficient duration and intensity
(Alessio et al., 1988; Kayatekin et al., 2002; Baker et al., 2004;
Ammar et al., 2015a, 2016a,b), increased ROS production can
outweigh antioxidant systems leading to the development of
oxidative stress (Finaud et al., 2006; Powers and Jackson, 2008;
Ammar et al., 2015a, 2016a, 2017b). Although increased ROS
production and the ensuing development of oxidative stress
have historically been considered noxious processes that impair
human health and function, their prevailing effect on human
health and performance remains controversial (Fisher-Wellman
and Bloomer, 2009; Powers et al., 2016).
Although, the development of exercise-induced oxidative
stress is well documented during different types of exercise,
including low-intensity continuous (Wadley et al., 2016), high-
intensity interval (Child et al., 1998; Wadley et al., 2016; Parker
et al., 2018) and all-out sprint (Marzatico et al., 1997; Parker
et al., 2018) exercise, it is presently unclear which type of
exercise elicits the greatest oxidative stress response. Indeed,
the few studies that have directly compared the effects of
short-duration high-intensity exercise bouts and continuous
low-intensity exercise bouts on redox balance have yielded
disparate findings (Marzatico et al., 1997; Bloomer et al.,
2005; Wadley et al., 2016; Parker et al., 2018). Importantly, it
appears that when short-duration ≤30 s maximal intensity “all-
out” exercise is compared to longer duration lower-intensity
continuous exercise, some prooxidant and antioxidant markers
are increased to a greater extent in the former (Parker et al., 2018).
However, when high-intensity intervals are of a submaximal
intensity, post-exercise oxidative stress biomarkers are similar
compared to lower-intensity continuous exercise (Wadley et al.,
2016). Therefore, exercise intensity appears to be an important
stimulus for regulating post-exercise oxidative stress biomarkers.
However, the effect of combining short-duration high-intensity
and continuous low-intensity exercise bouts in a single exercise
session has yet to be investigated. Resolving which type of
exercise elicits the greatest oxidative stress response is important
as this might reveal the exercise settings with the greatest
potential to exhibit improved performance following antioxidant
supplementation (Ammar et al., 2016b, 2018), and to elicit the
fastest or greatest improvement in physiological and performance
adaptations following a chronic exercise training intervention
(Ammar et al., 2017a).
Although Parker et al. (2018) recently showed that maximal-
intensity sprint interval exercise elicited a greater post-exercise
hydrogen peroxide production and CAT activity compared
to continuous moderate-intensity exercise, Marzatico et al.
(1997) and Inal et al. (2001) demonstrated that the activities
of enzymatic antioxidants increased by a similar magnitude
following low- and high-intensity exercise. These discrepancies
could be attributable to the inter-study differences in the exercise
training status of the participants (Ammar et al., 2015a, 2016a,
2017a). Indeed, it is well documented that chronic exercise
training augments the antioxidant systems by increasing the
production of endogenous antioxidants (GPX, CAT, SOD, and
GR; Powers and Jackson, 2008). Consistent with this, recent
evidence suggests that high-intensity resistance training can
suppress or prevent the increase in [MDA] after short-duration
high-intensity exercise (Bloomer et al., 2005; Bloomer et al.,
2007; Ammar et al., 2015a, 2016a, 2017a). Therefore, it is
important to determine the effect of different forms of exercise
on the development of oxidative stress in well-trained subjects
as these participants might exhibit divergent responses in post-
exercise oxidative stress biomarkers compared to their lesser
trained counterparts. As a result, elite Judokas were recruited
as participants in the current study as they are accustomed
to performing different types of exercise (including continuous
low-intensity exercise, short-duration maximal exercise and
the combinations of these types of exercise) in their regular
training program.
The purpose of the current study was to compare the
effects of three different acute exercise sessions, consisting of a
30 s all-out sprint (MAX), 30 min of low-intensity continuous
exercise (LOW) and these two exercise protocols combined
(COMBINED), on post-exercise oxidative stress biomarkers in
elite Judokas. Given that there is a lack of consensus on the
most accurate oxidative stress biomarker, the current study
assessed exercise-induced changes in a variety of oxidative stress
biomarkers to facilitate a more robust evaluation of exercise-
induced oxidative stress, in line with previous recommendations
(Powers and Jackson, 2008; Ammar et al., 2017a, 2018; Cobley
et al., 2017). Specifically, [MDA] was assessed as a marker
of lipid peroxidation (Bloomer, 2008), the content of the
antioxidant enzymes, GPX, SOD, and GR, were assessed as
they are increased in response to elevated ROS production
in an attempt to mitigate oxidative stress development (Matés
et al., 1999), and the plasma concentration of the non-
enzymatic antioxidant, α-tocopherol, was assessed as it declines
in conditions of increased ROS production (Groussard et al.,
2003; Ammar et al., 2015a, 2017b). Since some oxidative stress
biomarkers have been reported to be altered to a greater
extent following all-out sprint exercise compared to continuous
submaximal exercise (Parker et al., 2018), we hypothesized
that the series of oxidative stress biomarkers employed in
the current study would be perturbed to a greater extent
post-exercise in the MAX condition compared to the LOW
condition. In addition, and on the basis that ROS production
has been reported to increase in an intensity and duration-
dependent way during exercise (Reid, 2016), we hypothesized
that a greater degree of oxidative stress would be manifest
post-exercise in the COMBINED compared to the MAX
and LOW conditions.
MATERIALS AND METHODS
Participants
Ten elite male judokas participating in a regional Judo team
and competing at an international standard [mean ± SD age:
18.1± 1.7 years, body mass: 77.2± 11.7 kg, height: 1.76± 0.05 m,
peak oxygen uptake (V˙O2peak): 51.2 ± 8.4 mL·kg−1·min−1]
volunteered to participate in this study. The participants were
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recruited on the basis that they are aged between 18 and
24 years old, had a BMI less than 25 kg/m2, were not regular
creatine users and had more than 6 years judo experience
with a frequency of six training sessions (1.5–2 h) per week.
Typically, the training sessions consisted of a 20-min warm-up,
25 min Uchi-Komi, 10 min Nage-Komi, 20 min Randoris (Ne
waza), 15 min Randoris and 15 min strength and stretching
exercises. Additionally, participants were required to avoid
consuming foods rich in antioxidants and polyphenols during
the experimental period and the preceding 3 weeks and
to avoid strenuous exercise during the experimental period.
Participants provided written informed consent to participate
in the study. The study was conducted according to the
declaration of Helsinki with the protocol fully approved by
the Sfax University Ethics Committee (ID: 8/12) before the
commencement of the study.
Experimental Design
One week before the start of the experimental period,
V˙O2peak and maximal aerobic power output (MAP) were
determined for each participant from an incremental laboratory
cycling test (González-Haro et al., 2007). After a 10-min
warm-up at 100 W, the test began at an initial power
output of 200 W. Subsequently, power output was increased
by 30 W every 4 min until RER≥1. Thereafter, power
output was increased by 10 W/min until exhaustion. During
the test, V˙O2 was measured breath by breath using an
indirect calorimetry system (Quark PFT, Cosmed, Rome,
Italy) (González-Haro et al., 2007). MAP was calculated
using the equation proposed by Kuipers et al. (1985). The
V˙O2peak was determined from the mean V˙O2 over the last
30 s of the test.
As part of a repeated-measures, cross-over experimental
design, participants performed three randomized test sessions
interspersed by a recovery period of 72 h to allow sufficient
recovery of oxidative stress biomarkers (Ammar et al., 2015a).
Additionally, to avoid any time of day effects, all sessions were
conducted in the early evening hours, as suggested by Ammar
et al. (2015b, 2017b). The testing sessions required the completion
of either MAX, LOW, or COMBINED exercise protocols.
Upon arrival for their first test session, each participant’s body
mass (Tanita, Tokyo, Japan) and height were recorded. Before
completing the experimental testing sessions, a standardized
5 min cycling warm-up was completed at 75 W. The MAX
protocol comprised a single standard 30 s Wingate test on an
electronically braked cycle ergometer (Excalibur Sport, Lode B.V,
Medical Technology, Groningen, Netherlands) connected to a
computer with diagnostic software (Ergocard R©, Medisoft, Dinant,
Belgium). Following the warm-up, participants were instructed to
pedal as fast as possible during a 6 s acceleration phase to attain
peak cadence. Immediately following the acceleration phase,
the load was electronically applied to the flywheel and subjects
pedaled “all-out” for the entirety of 30 s. The LOW protocol
consisted of pedaling on the same cycle ergometer at an intensity
equal to 60% of MAP for a duration of 30 min at a cadence of
60 rpm. The COMBINED protocol involved the completion of
the MAX protocol followed by the LOW protocol with 3 min
passive recovery between these protocols. Immediately prior
to (rest) and following (P0) each testing session, as well as
5 min (P5), 10 min (P10) and 20 min (P20) following each
exercise session, blood samples were collected from a forearm
vein through an intravenous cannula. Additionally, ratings of
perceived exertion (RPE) were measured immediately following
each test session.
Ratings of Perceived Exertion Scale
The RPE scale allows participants to give a subjective exertion
rating for a physical task (Borg, 1982). The participants were
familiarized to the use of the RPE scale. The scale presents
a 15-point scale ranging from 6 (very very light) to 20 (very
very hard). The RPE scale is a reliable indicator of physical
discomfort, has sound psychometric properties, and is strongly
correlated with several other physiological measures of exertion
(Chtourou et al., 2012).
Dietary Records
To assess the adequacy and consistency of nutrient intake, a
daily dietary record was completed over 7 days. All participants
received detailed verbal and written instructions on the process
of recording their diet. Participants were asked to continue
with their usual dietary habits during the period of dietary
recording and to be as accurate as possible in recording the
amounts and types of food and fluid consumed. A list of
common household measures (e.g., tablespoons, cups), and
specific information about the quantity in each measurement
(grams, etc.) was given to each participant. The individuals
diet was evaluated using the Bilnu 4 software (SCDA Nutrisoft,
Cerelles, France) and the food composition tables published by
the Tunisian National Institute of Statistics in 1978. Estimated
nutrient intakes were compared to reference dietary intakes for
physically active people and the daily nutriment data showed
that total calorie, macronutrient, and micronutrient intakes
were within the reference dietary intakes for healthy Tunisian
adults with no significant differences between the three test
sessions (Table 1).
TABLE 1 | Dietary record of the subjects (mean ± SD).
Variables Mean ± SD
Session 1 Session 2 Session 3
Kilocalorie (day−1) 3271 ± 485 3244 ± 510 3303 ± 590
Carbohydrates (%) 53.03 ± 5.9 51.54 ± 5.1 52.26 ± 5.3
Protein (%) 11.93 ± 1.2 12.67 ± 1.5 12.11 ± 1.7
Fat (%) 27.09 ± 4.0 28.28 ± 4.8 27.46 ± 3.9
Cholesterol (mg·day−1) 324.1 ± 98 310.9 ± 76 350.7 ± 81
Vit C (mg·day−1) 45.33 ± 11 43.34 ± 09 44.97 ± 13
Vit E (mg·day−1) 4.11 ± 0,9 4.04 ± 0,7 4.17 ± 1,1
Vit A (ER) 1300 ± 252 1270 ± 198 1320 ± 203
Folate (µg·day−1) 338.8 ± 63 329.6 ± 54 345.4 ± 71
Vit B12 (µg·day−1) 7.2 ± 2.1 6.9 ± 1.8 7.4 ± 2.4
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Blood Analysis
Blood samples were taken from an antecubital vein into
a vacutainer via venipuncture. Samples were immediately
centrifuged for 5 min at 4,000 rpm at 4◦C to obtain plasma.
To eliminate inter-assay variance, all samples were analyzed in
duplicate, in the same assay run, and in the same laboratory. SOD,
GPX and GR content, and TAS were measured using standard
colorimetric assays (Randox Laboratories Limited, 55 Diamond
Road, Crumlin, County Antrim, BT29 4QY, United Kingdom) as
described below.
SOD
After recovery of plasma, packed red blood cells were washed
4 times with 3 ml of 9% NaCl and centrifuged for 10 min at
3,000 rpm after each wash. Cell lysis was performed by adding
2 ml of cold double-distilled water. After the red blood cells
rested for 15 min at 4◦C, the hemolysate was diluted 1:50 with
a 0.01 M phosphate buffer, pH 7. The reaction was carried out
at 37◦C, and the optical density was read at 505 nm. A first
reading was performed 30 s after the start of the reaction, and
a second reading was performed after 3 min 30 s. The results
were calculated using the formulas described by El Abed et al.
(2011). A standard curve was constructed on semilogarithmic
paper by increasing the percentage of inhibition of standards for
subsequent calculation of SOD content (units SOD per milliliter).
Intra- and inter-assay coefficient of variation for the SOD were
0.8% and 0.9%.
GPX
A 0.05 mL sample of heparinized whole blood was prediluted
with 1 mL of diluent supplied in the kit to convert oxidized
glutathione (GSSG) to its reduced form (GSH). After 5 min
of incubation, the sample was diluted with 1 mL of Drabkin’s
reagent to inhibit interference from other peroxidases present
in the sample. The samples were assessed within 20 min of the
addition of Drabkin’s reagent. The decrease in absorbance was
measured at 340 nm. Three readings were recorded 1, 2, and
3 min from the start of the reaction. The GPX concentration
was calculated from the formula described by El Abed et al.
(2011). Intra- and inter-assay coefficient of variation for the GPX
were 0.9 and 1.0%.
GR
After recovery of plasma, red blood cells were washed 3 times
with 3 mL of NaCl 9% and centrifuged for 5 min at 2,000 rpm
after each wash. Cell lysis was performed by adding 0.5 mL of
cold double distilled water. After 10 min incubation at 4◦C, the
hemolysate was centrifuged for 5 min at 2,000 rpm to remove
the stroma. Subsequently, 100 mL of hemolysate was diluted with
1.9 mL of 9% saline. The absorbance was read at 340 nm 1, 2, 3,
4, and 5 min from the beginning of the reaction. GR activity was
calculated from the formula described by El Abed et al. (2011).
Intra- and inter-assay coefficient of variation for the GR were 0.7
and 0.8%.
TAS
After incubation of the reaction mixture consisting of the
sample, standard or a blank and a chromogen at 37◦C,
the initial absorbance was read at 600 nm. The second
reading was made exactly 3 min after adding the hydrogen
peroxide (H2O2) substrate. TAS was calculated as described
by El Abed et al. (2011). Intra- and inter-assay coefficient of
variation for the TAS were 0.6 and 0.7%.
α-Tocopherol
α-tocopherol was extracted with hexane from human plasma
and then measured via high performance liquid chromatography
(HPLC) as described by Siluk et al. (2007). For specimen
preparation, 100 µL of internal standard and 100 µL of plasma
were mixed for 5 s. Subsequently, 200 µL of ethanol was
added and mixed for 30 s, followed by 500 µL of hexane
which was mixed for 1 min. The mixture was centrifuged
at 4000 rpm and 4◦C for 8 min with 450 µL of the
supernatant removed after centrifugation and evaporated to
dryness under a stream of nitrogen at room temperature.
Solids were taken by the addition of 250 µL of methanol,
vortexing for 30 s followed by centrifugation (4000 rpm
and 4◦C for 8 min) before finally analyzing using the
HPLC method described by Siluk et al. (2007). Intra- and
inter-assay coefficient of variation for the α-tocopherol were
1.1 and 1.2%.
MDA
MDA was assessed as a marker of lipid peroxidation using
a colorimetric reaction, which uses 1-methyl-2-phenylindole
as a chromogen (McCusker et al., 1993). Condensation of
one molecule of MDA with 2 molecules of 1-methyl-2-
phenylindole under acidic conditions results in the formation
of a chromophore with an absorbance maximum at 586 nm.
A 7.6 mM solution of 1-methyl-2-phenylindole (MPI) was
prepared immediately prior to use, in 33% methanol in
acetonitrile. A 650 µL aliquot of MPI was placed in each
test tube, followed by the addition of 200 µL of plasma.
The tubes were mixed well, and 150 µL of 10 M HCl
was added. After mixing once more, tubes were sealed, and
incubated for 60 min at 45◦C. After incubation, tubes were
chilled on ice and centrifuged at 10,000 × g for 5 min to
remove debris. The absorbance at 586 nm was subsequently
measured and subtracted from the blank value, obtained by
replacing plasma with water. A calibration plot was prepared
using 4, 8, 16, and 20 µmol/L of 1,1,3,3-tetramethoxypropane
in 20 mM Tris–HCl, buffer, pH 7.4 (McCusker et al., 1993).
Intra- and inter-assay coefficient of variation for the MDA
were 1.6 and 1.7%.
Statistical Analysis
All statistical analyses were performed using STATISTICA 10.0
Software. Normality of the data distribution was confirmed
using the Shapiro-Wilk’s test. To analyze the acute effect of
exercise type on oxidative stress biomarkers a two-way repeated-
measures ANOVA exercise type (3 levels: MAX, LOW and
COMBINED) × time (5 levels: rest, P0, P5, P10, and P20)
was utilized. Post hoc tests were conducted using Fisher’s least
significant difference (LSD). Effect sizes (ES) were calculated
using partial eta-squared (ηp2) and magnitudes were interpreted
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FIGURE 1 | Plasma malondialdehyde concentration before (Rest), immediately after (P0), and 5 (P5), 10 (P10) and 20 (P20) minutes after maximal-intensity,
low-intensity and maximal- and low-intensity exercise combined. Data are expressed as the % change from pre-exercise resting concentrations. LOW: low-intensity
exercise; MAX: maximum-intensity exercise; COMBINED: combined maximum-intensity and low-intensity exercise; ∗: significant difference compared to pre-test
values; # significant difference compered to P0, a: significant difference compared to the MAX exercise;b: significant difference compared to the COMBINED
exercise.
using the thresholds: ES < 0.2 was considered small, ES around
0.5 was considered medium and ES > 0.8 was considered large
(Hopkins, 2012). Statistical significance was set at P < 0.05
and data are presented as mean ± SE (Figures 1–3 and
Supplementary Table S1).
RESULTS
Plasma [MDA] pre- and post-test for the MAX, LOW and
COMBINED conditions is presented in Figure 1. There was
a significant exercise-type × time interaction effect for plasma
[MDA] [F(8,72) = 3.51, p = 0.0017 and ηp2 = 0.28]. Plasma
[MDA] increased immediately (P0) after the test session with
a higher rate of increase during the MAX (25.6 ± 7.8%) and
LOW (23.2 ± 5.7%) conditions compared to the COMBINED
(10.8± 3.6%) condition (p< 0.05). Higher MDA concentrations
(p < 0.05) were registered at P5, P10 and P20 compared to P0
only following the LOW exercise. Moreover, [MDA] was higher
at P10 and P20 in the LOW condition compared to the MAX and
COMBINED conditions (p< 0.05; Figure 1).
Blood antioxidant enzyme content in response to the LOW,
MAX and COMBINED protocols are presented in Figure 2.
A significant exercise-type × time interaction was registered for
GPX [F(8.72) = 5.79, p = 0.0004, ηp2 = 0.40], SOD [F(8.72) = 3.16,
p = 0.004, ηp2 = 0.26] and GR [F(8.72) = 2.99, p = 0.006,
ηp2 = 0.25] content. Regardless of the exercise type, blood GR
content increased immediately after exercise (p < 0.05). The
blood content of GPX and SOD, both increased immediately
post-exercise in the MAX and COMBINED conditions compared
to the resting baseline (p < 0.05). However, GPX and SOD
content was not increased above the resting baseline in the LOW
condition until 5 min post-exercise (p < 0.05). Compared to
the MAX condition, LOW and COMBINED exercise resulted in
greater GPX and GR content at P10 (p< 0.05) and P20 (p< 0.01),
and a greater SOD content at P20 (p < 0.05). Following MAX
exercise, GPX content had returned to baseline values at P10
(p < 0.05), whereas SOD and GR content did not return to
baseline values until the P20 sampling point (p > 0.05). Blood
GPX, SOD and GR content remained elevated above the resting
baseline in the LOW and COMBINED conditions (p< 0.05).
Plasma TAS and [α-tocopherol] following the MAX,
LOW and COMBINED exercise protocols are shown in
Figure 3. There was a significant main effect for time for
TAS [F(4,36) = 3.47,p = 0.017,ηp2 = 0.29] and [α-tocopherol]
[F(4,36) = 7.86, p = 0.0001, ηp2 = 0.46]. Compared to pre-exercise
values, an increase in TAS was only registered following the
LOW exercise protocol at P5 (p < 0.05). Plasma [α-tocopherol]
concentration was lower at P0 (p < 0.05) following only MAX
exercise and at P5, P10 and P20 following the three types of
exercise (p < 0.05). Both TAS and [α-tocopherol] were lower
following MAX exercise compared to LOW and COMBINED
exercise at both P10 (p < 0.05) and P20 (p < 0.01). TAS levels
had returned to baseline values at P20 only following MAX
exercise (P > 0.05).
There was no significant effect of exercise type on post-exercise
RPE (15.7± 0.9 for LOW, 15.9± 1.1 for MAX and 16.3± 0.7 for
COMBINED; p> 0.05).
DISCUSSION
The present study assessed a series of oxidative stress biomarkers
prior to and following MAX, LOW and COMBINED exercise.
Plasma [MDA] and TAS, and blood GPX, SOD and GR increased,
and plasma [α-tocopherol] declined, post-exercise in all exercise
protocols, consistent with the development of exercise-induced
oxidative stress. However, the principal original findings of the
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FIGURE 2 | Plasma glutathione peroxidase (A), superoxide dismutase (B) and glutathione reductase (C) content before (Rest), immediately after (P0), and 5 (P5), 10
(P10) and 20 (P20) minutes after maximal-intensity, low-intensity and maximal- and low-intensity exercise combined. Data are expressed as the % change from
pre-exercise resting concentrations. LOW: low-intensity exercise; MAX: maximum-intensity exercise; COMBINED: combined maximum-intensity and low-intensity
exercise; ∗: significant difference compared to pre-test values; a: significant difference compared to the LOW exercise, b: significant difference compared to the
COMBINED exercise.
current study were: (1) blood GPX and SOD content increased
above baseline immediately post-exercise in the MAX and
COMBINED protocols, but not the LOW protocol; (2) blood
GPX, SOD, GR and plasma TAS were lower 20 min post-
exercise in the MAX compared to the LOW and COMBINED
protocols; and (3) plasma [MDA] was highest 20 min following
the LOW protocol and plasma [α-tocopherol] was lowest 20 min
following the MAX protocol. These findings offer insight into
exercise-type-specific oxidative stress development and might
have implications for improving understanding of skeletal muscle
fatigue, recovery and adaptive remodeling in response to discrete
exercise protocols.
Frontiers in Physiology | www.frontiersin.org 6 July 2019 | Volume 10 | Article 842
fphys-10-00842 July 8, 2019 Time: 16:26 # 7
El Abed et al. Oxidative Stress Biomarkers in Trained Judokas
FIGURE 3 | Plasma antioxidant status (A) and α-tocopherol concentration (B) before (Rest), immediately after (P0), and 5 (P5), 10 (P10) and 20 (P20) min after
maximal-intensity, low-intensity and maximal- and low-intensity exercise combined. Data are expressed as the % change from pre-exercise resting concentrations.
LOW: low-intensity exercise; MAX: maximum-intensity exercise; COMBINED: combined maximum-intensity and low-intensity exercise; ∗: significant difference
compared to pre-test values; a: significant difference compared to the LOW exercise, b: significant difference compared to the COMBINED exercise.
In the present study, plasma [MDA], GPX, SOD, GR and
TAS increased, and [α-tocopherol] declined, post-exercise in
the MAX, LOW and COMBINED exercise protocols. These
observations are consistent with the development of exercise-
induced oxidative stress, and in line with numerous previous
studies reporting increased oxidative stress biomarkers after
different types of exercise (Ammar et al., 2015a, 2016a, 2017b;
Wadley et al., 2016; Parker et al., 2018).
While there is strong evidence to support the development
of exercise-induced oxidative stress, it is less clear how different
types of exercise influence the degree of oxidative stress. Indeed,
existing studies assessing the effects of different exercise protocols
on biomarkers of oxidative stress development have yielded
equivocal findings (Marzatico et al., 1997; Bloomer et al., 2005;
Parker et al., 2018). Baker et al. (2004) and Child et al.
(1998) showed a significant increase in oxidative stress responses
following low-intensity aerobic exercise, while other studies
(Niess et al., 1996; Margaritis et al., 1997) have reported no
pre- to post-exercise changes in [MDA]. Similarly, high-intensity
anaerobic (Baker et al., 2004) and combined low- and high-
intensity exercise (Thompson et al., 2003; Bloomer et al., 2006;
Ascensão et al., 2008) have been reported to either increase pre-
to post-exercise [MDA] or have no significant effect on pre-
to post-exercise [MDA] (Svensson et al., 1999; Bloomer et al.,
2006). In part, these discrepancies might be linked to inter-study
differences in participant characteristics, exercise protocols and
the series of biomarkers employed to assess oxidative stress. To
limit the influence of these confounding variables, the present
study assessed the effects of three different exercise protocols
on the development of oxidative stress, inferred from the same
set of oxidative stress biomarkers, in the same participants.
In the present study, plasma [MDA] was increased above the
pre-exercise baseline in the MAX, LOW and COMBINED
exercise protocols immediately post-exercise with low post-
exercise values during COMBINED protocol and no differences
between the LOW and MAX protocols. These observations are
consistent with some (Ascensão et al., 2008; Ammar et al.,
2015a, 2016a), but not all (Svensson et al., 1999; Bloomer
et al., 2006) previous studies reporting an increased [MDA]
immediately post-exercise, with no difference between aerobic
and anaerobic based exercise (Bloomer et al., 2005). However,
in the present study plasma [MDA] was higher in the LOW
protocol compared to the MAX and COMBINED protocols 10-
and 20-min post-exercise.
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Concerning antioxidant defense biomarkers, it was previously
suggested that in response to an increased production of free
radicals, concentrations of antioxidant enzymes may increase to
counteract the elevated radical production and thereby minimize
oxidative damage (Bloomer and Goldfarb, 2004; Ammar et al.,
2015a). The present findings confirm this suggestion and showed
that the blood content of the antioxidant enzymes, GPX, SOD
and GR, as well as TAS, increased post-exercise in the MAX,
LOW and COMBINED exercise protocols. These responses have
been attributed to an increased production of ROS and a resultant
increase in content of antioxidant enzymes to attenuate the
development of exercise-induced oxidative stress (Bloomer, 2008;
Ammar et al., 2015a, 2016a). The findings of the current study are
in line with some previous studies reporting increased enzymatic
antioxidant activities immediately following short-duration high-
intensity exercise, such as 100 m swimming (Inal et al., 2001) and
6 × 150 m sprints (Marzatico et al., 1997), and longer duration
low-intensity running (Ji, 1993) or swimming (Inal et al., 2001)
exercise, and extend these observations by revealing an increase
in the content of key antioxidant enzymes in the blood following
the COMBINED exercise protocol. However, our observations
conflict with some previous studies which reported no increase in
antioxidant enzyme content following a Wingate test (Groussard
et al., 2003). These inter-study discrepancies may reflect the
higher training status of the elite athletes assessed in the present
study. Indeed, it has been reported that increased activation
of redox-sensitive transcription factors (e.g., NF-κB) in well-
trained individuals can improve the production of endogenous
antioxidants in response to physical exercise (Cuevas et al., 2005).
An important novel observation from the current study
was the divergent response dynamics of the antioxidant
biomarkers assessed across the different exercise protocols
administered. Indeed, the content of SOD and GPX, but not
GR and TAS, was higher immediately post-exercise in the MAX
and COMBINED protocols compared to the LOW protocol.
However, at the P20 time point, SOD, GPX, GR and TAS were
lower in the MAX compared to the LOW and COMBINED
protocols. Collectively, these plasma biomarkers pertaining to
antioxidant status suggest that exercise incorporating short-
duration maximal exercise can expedite the increase in some
systemic antioxidant processes compared to low-intensity longer
duration exercise. Conversely, 20 min following the cessation of
exercise, antioxidant biomarkers were elevated during exercise
incorporating 30 min of low-intensity exercise compared to
shorter duration maximal intensity exercise. These observations
are consistent with some evidence that post-exercise oxidative
stress biomarkers are impacted by exercise intensity and duration
(Ji, 1993; Parker et al., 2014), with the findings of the current
study suggesting that maximal duration exercise elicits a more
rapid but transient increase in antioxidant processes compared
to a slower responding but longer lasting change in antioxidant
processes following longer duration and lower intensity.
With regard to the interplay between the markers pertaining to
antioxidant status (SOD, GPX, GR and TAS) and ROS-mediated
oxidation (plasma [MDA] and [α-tocopherol]), it is possible that
the greater increase in SOD and GPX content immediately post-
exercise in the MAX compared to the LOW protocol could
be linked to enhanced ROS-mediated oxidation in the former.
Indeed, plasma [α-tocopherol] declined to a greater extent
immediately following the MAX compared to the LOW protocol,
which may have resulted in a compensatory up-regulation in
antioxidant processes, including blood SOD and GPX content, to
limit exercise-induced oxidative stress development. On the other
hand, plasma [MDA] was not different immediately following
the MAX and LOW protocols. Conversely, 20 min following
the completion of the MAX protocol, SOD, GPX, GR and TAS
were lower than the LOW protocol concomitant with a lower
plasma [MDA]. Therefore, lowering in antioxidant processes
20 min post the MAX protocol could reflect a lowering in ROS-
mediated oxidation and, by extension, a lesser requirement to
increase antioxidant processes to maintain an optimal cellular
redox balance. However, plasma [α-tocopherol] was lower 20 min
following the MAX compared to the LOW protocol. Therefore,
further research is required to resolve the mechanisms for the
changes in, and interplay between, post-exercise prooxidant
and antioxidant biomarkers and how these markers relate to
exercise performance, recovery and adaptation. Moreover, since
oxidative stress biomarkers were only assessed for up to 20 min
post-completion of the exercise protocols administered in the
current study, further research is required to assess oxidative
stress biomarkers over a longer period until all biomarkers have
returned to baseline to provide a more complete picture of
exercise-induced oxidative stress.
Experimental Considerations
To the best of the authors’ knowledge, this is the first study to
provide information regarding the effect of different forms of
exercise on oxidative stress responses in judo athletes. However,
while the findings of the present study indicate exercise intensity
might be a key determinant of the redox perturbation evoked
by exercise, a limitation of the current study is that the three
exercise tests administered were not work-matched. Accordingly,
and despite reporting a similar post-exercise RPE, the design of
present study did not allow us to separate the effects of exercise
intensity from exercise duration when the same amount of work
was completed. Additionally, the current study is based on a
small sample of participants which is not enough to allow for
generalization. Therefore, further research investigating a larger
sample of participants is required to improve understanding of
the influence of exercise intensity, duration and their interaction
on exercise-induced redox perturbations.
CONCLUSION
In conclusion, compared to baseline values [MDA], GPX,
SOD and GR and TAS increased, and [α-tocopherol] declined,
following the completion of the MAX, LOW and COMBINED
exercise protocols administered in the current study. While
these observations are consistent with the development of
exercise-induced oxidative stress, the principal original findings
from this study pertain to the characterization of exercise-
type-specific oxidative stress development. Specifically, SOD and
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GPX content were increased immediately post-exercise, and
GPX, SOD and GR and TAS were lower 20 min post-
exercise, in the MAX compared to the LOW and COMBINED
exercise protocols. These findings suggest that some antioxidant
defense processes increase and subsequently return to baseline
more rapidly after MAX exercise. However, the exercise-type-
specific effect on prooxidant biomarkers is complicated by our
observations that the increase in plasma [MDA] was greatest
following LOW exercise and the largest decline in plasma
[α-tocopherol] occurred following MAX exercise. These original
findings provide insight into exercise-type-specific oxidative
stress development which might have implications for exercise
performance, recovery and adaptation.
DATA AVAILABILITY
The datasets generated for this study are available on request to
the corresponding author.
ETHICS STATEMENT
Participants provided written informed consent to participate
in the study. The study was conducted according to the
declaration of Helsinki with the protocol fully approved
by the Sfax University Ethics Committee before the
commencement of the study.
AUTHOR CONTRIBUTIONS
KEA, AA, and AH conceived and performed the experiment.
KEA, AA, OB, LM, SB, AH, and NB drafted and critically revised
the manuscript. All authors approved the final version.
ACKNOWLEDGMENTS
The authors wish to thank all the participants for their maximal
effort and cooperation.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fphys.
2019.00842/full#supplementary-material
TABLE S1 | Plasma levels of all tested parameters (mean ± SE) before (Rest),
immediately after (P0), and 5 (P5), 10 (P10), and 20 (P20) min after
maximal-intensity, low-intensity, and maximal- and low-intensity
exercise combined.
REFERENCES
Alessio, H. M., Goldfarb, A. H., and Cutler, R. G. (1988). MDA Content Increases
in Fast- and Slow-Twitch Skeletal Muscle with Intensity of Exercise in a Rat.
Am. J. Physiol. 255, C874–C877. doi: 10.1152/ajpcell.1988.255.6.C874
Ammar, A., Chtourou, H., Bailey, S. J., Hoekelmann, A., and Souissi, N. (2018).
Effects of pomegranate supplementation on exercise performance and post-
exercise recovery: a systematic review. Br. J. Nutr. 20, 1201–1216. doi: 10.1017/
S0007114518002696
Ammar, A., Chtourou, H., Hammouda, O., Trabelsi, K., Chiboub, J., Turki,
M., et al. (2015a). Acute and delayed responses of C-reactive protein,
malondialdehyde and antioxidant markers after resistance training session
in elite weightlifters: effect of time of day. Chronobiol. Int. 32, 1211-1222.
doi: 10.3109/07420528.2015.1079215
Ammar, A., Chtourou, H., Trabelsi, K., Padulo, J., Turki, M., El Abed, K., et al.
(2015b). Temporal specificity of training: intra-day effects on biochemical
responses and Olympic-Weightlifting performances. J. Sports Sci. 33, 358–368.
doi: 10.1080/02640414.2014.944559
Ammar, A., Chtourou, H., Hammouda, O., Turki, M., Ayedi, F., Kallel, C., et al.
(2016a). Relationship between biomarkers of muscle damage and redox status
in response to a weightlifting training session: effect of time-of-day. Physiol. Int.
103, 243–261. doi: 10.1556/036.103.2016.2.11
Ammar, A., Turki, M., Chtourou, H., Hammouda, O., Trabelsi, K., Kallel, C., et al.
(2016b). Pomegranate supplementation accelerates recovery of muscle damage
and soreness and inflammatory markers after A weightlifting training session.
PLoS One 11:e0160305. doi: 10.1371/journal.pone.0160305
Ammar, A., Chtourou, H., and Souissi, N. (2017a). Effect of time-of-day on
biochemical markers in response to physical exercise. J Strength Cond. Res. 31,
272–282. doi: 10.1519/JSC.0000000000001481
Ammar, A., Turki, M., Hammouda, O., Chtourou, H., Trabelsi, K., Bouaziz, M. O.,
et al. (2017b). Effects of pomegranate juice supplementation on oxidative stress
biomarkers following weightlifting exercise. Nutrients 9:E819. doi: 10.3390/
nu9080819
Ascensão, A., Rebelo, A., Oliveira, E., Marques, F., Pereira, L., and Magalhães, J.
(2008). Biochemical impact of a soccer match—analysis of oxidative stress and
muscle damage markers throughout recovery. Clin. Biochem. 41, 841–851. doi:
10.1016/j.clinbiochem.2008.04.008
Baker, J. S., Bailey, D. M., Hullin, D., Young, I., and Davies, B. (2004). Metabolic
implications of resistive force selection for oxidative stress and markers of
muscle damage during 30 s of high-intensity exercise. Eur. J. Appl. Physiol. 92,
321–327.
Bloomer, R. J. (2008). Effect of exercise on oxidative stress biomarkers.
Adv. Clin. Chem. 46, 1–50. doi: 10.1016/s0065-2423(08)
00401-0
Bloomer, R. J., Falvo, M. J., Fry, A. C., Schilling, B. K., Smith, W. A., and Moore,
C. A. (2006). Oxidative stress response in trained men following repeated
squats or sprints. Med. Sci. Sports Exerc. 38, 1436–1442. doi: 10.1249/01.mss.
0000227408.91474.77
Bloomer, R. J., Fry, A. C., Michael, J., Falvo, M. J., and Moore, C. A. (2007).
Protein carbonyls are acutely elevated following single set anaerobic exercise
in resistance trained men. J. Sci. Med. Sport 10, 411–417. doi: 10.1016/j.jsams.
2006.07.014
Bloomer, R. J., and Goldfarb, A. H. (2004). Anaerobic exercise and oxidative stress:
a review. Can. J. Appl. Physiol. 29, 245–263. doi: 10.1139/h04-017
Bloomer, R. J., Goldfarb, A. H., Wideman, L., Mckenzie, M. J., and Consitt, L. A.
(2005). Effects of acute aerobic and anaerobic exercise on blood markers of
oxidative stress. J. Strength Cond. Res. 19, 276–285. doi: 10.1519/00124278-
200505000-00007
Borg, G. A. (1982). Psychophysical bases of perceived exertion. Med. Sci. Sports
Exerc. 14, 377–381.
Child, R. B., Wilkinson, D. M., Fallowfield, J. L., and Donnelly, A. E.
(1998). Elevated serum antioxidant capacity and plasma malondialdehyde
concentration in response to a simulated half-marathon run. Med. Sci. Sports
Exerc. 30, 1603–1607. doi: 10.1097/00005768-199811000-00008
Chtourou, H., Jarraya, M., Aloui, A., Hammouda, O., and Souissi, N.
(2012). The effects of music during warm-up on anaerobic performances
of young sprinters. Sci. Sports 27, e85–e88. doi: 10.1016/j.scispo.2012.
02.006
Cobley, J. N., Close, G. L., Bailey, D. M., and Davison, G. W. (2017).
Exercise redox biochemistry: conceptual, methodological and technical
Frontiers in Physiology | www.frontiersin.org 9 July 2019 | Volume 10 | Article 842
fphys-10-00842 July 8, 2019 Time: 16:26 # 10
El Abed et al. Oxidative Stress Biomarkers in Trained Judokas
recommendations. Redox Biol. 12, 540–548. doi: 10.1016/j.redox.2017.
03.022
Cuevas, M. J., Almar, M., García-Glez, J. C., García-López, D., De Paz, J. A.,
Alvear-Órdenes, I., et al. (2005). Changes in oxidative stress markers and
NF-κB activation induced by sprint exercise. Free Radic. Res. 39, 431–439. .
doi: 10.1080/10715760500072149
El Abed, K., Rebai, H., Bloomer, R. J., Trabelsi, K., Masmoudi, L., Zbidi, A., et al.
(2011). Antioxidant status and oxidative stress at rest and in response to acute
exercise in judokas and sedentary men. J. Strength Cond. Res. 25, 2400-2409.
doi: 10.1519/JSC.0b013e3181fc5c35
Finaud, J., Lac, G., and Filaire, E. (2006). Oxidative stress: relationship with exercise
and training. Sports Med. 36, 327–358. doi: 10.2165/00007256-200636040-
00004
Fisher-Wellman, K., and Bloomer, R. J. (2009). Acute exercise and oxidative stress:
a 30 year history. Dyn. Med. 8:1. doi: 10.1186/1476-5918-8-1
González-Haro, C., Galilea, P. A., Drobnic, F., and Escanero, J. F. (2007). Validation
of a field test to determine the maximal aerobic power in triathletes and
endurance cyclists. Br. J. Sports Med. 41, 174–179. doi: 10.1136/bjsm.2006.
031310
Groussard, C., Rannou-Bekono, F., Machefer, G., Chevanne, M., Vincent, S.,
Sergent, O., et al. (2003). Changes in blood lipid peroxidation markers and
antioxidants after a single sprint anaerobic exercise. Eur. J. Appl. Physiol. 89,
14–20. doi: 10.1007/s00421-002-0767-1
Hopkins, W. G. (2012). A scale of magnitudes for effect statistics. Sport Sci.
502:411.
Inal, M., AkyÜz, F., Turgut, A., and Getsfrid, W. M. (2001). Effect of
aerobic and anaerobic metabolism on free radical generation swimmers.
Med. Sci. Sports Exerc. 33, 564–567. doi: 10.1097/00005768-200104000-
00009
Ji, L. L. (1993). Antioxidant enzyme response to exercise and aging. Med. Sci. Sports
Exerc. 25, 225–231.
Kayatekin, B. M., Gönenç, S., Açikgöz, O., Uysal, N., and Dayi, A. (2002).
Effects of sprint exercise on oxidative stress in skeletal muscle and
liver. Eur. J. Appl. Physiol. 87, 141–144. doi: 10.1007/s00421-002-
0607-3
Kuipers, H., Verstappen, F. T., Keizer, H. A., Geurten, P., and van Kranenburg,
G. (1985). Variability of aerobic performance in the laboratory and its
physiological correlates. Int. J. Sports Med. 6, 197–201. doi: 10.1055/s-2008-
1025839
Leeuwenburgh, C., and Heinecke, J. W. (2001). Oxidative stress and antioxidants
in exercise. Curr. Med. Chem. 8, 829–838.
Margaritis, I., Tessier, F., Richard, M. J., and Marconnet, P. (1997). No
evidence of oxidative stress after a triathlon race in highly trained
competitors. Int. J. Sports Med. 18, 186–190. doi: 10.1055/s-2007-9
72617
Marzatico, F., Pansarasa, O., Bertorelli, L., Somenzini, L., and Della, G. V. (1997).
Blood free radical antioxidant enzymes and lipid peroxides following long-
distance and lactacidemic performances in highly trained aerobic and sprint
athletes. J. Sports Med. Phys. Fitness 37, 235–239.
Matés, J. M., Pérez-Gómez, C., and De Castro, I. N. (1999). Antioxidant enzymes
and human diseases. Clin. Biochem. 32, 595–603. doi: 10.1016/s0009-9120(99)
00075-2
Matés, J. M., Pérez-Gómez, C., and Núñez de Castro, I. (1999). Antioxidant
enzymes and human diseases. Clin. Biochem. 32, 595–603. doi: 10.1016/s0009-
9120(99)00075-2
McCusker, P., Lamont, J. V., and Fitzgerald, S. P. (1993). Total Antioxidant
Status and Lipid Peroxidation in Diabetic Patients. Ardmore, OK:
Randox Laboratories Ltd.
Niess, A. M., Hartmann, A., Grünert-Fuchs, M., Poch, B., and Speit, G. (1996).
DNA damage after exhaustive treadmill running in trained and untrained men.
Int. J. Sports Med. 17, 397-403.
Parker, L., McGuckin, T. A., and Leicht, A. S. (2014). Influence of exercise intensity
on systemic oxidative stress and antioxidant capacity. Clin. Physiol. Funct.
Imaging 34, 377–383. doi: 10.1111/cpf.12108
Parker, L., Trewin, A., Levinger, I., Shaw, C. S., and Stepto, N. K. (2018).
Exercise-intensity dependent alterations in plasma redox status do not reflect
skeletal muscle redox-sensitive protein signaling. J. Sci. Med. Sport 21, 416–421.
doi: 10.1016/j.jsams.2017.06.017
Powers, S. K., and Jackson, M. J. (2008). Exercise-induced oxidative stress: cellular
mechanisms and impact on muscle force production. Physiol. Rev. 88, 1243–
1276. doi: 10.1152/physrev.00031.2007
Powers, S. K., Radak, Z., and Ji, L. L. (2016). Exercise-induced oxidative stress: past,
present and future. J. Physiol. 594, 5081–5092. doi: 10.1113/JP270646
Reid, M. B. (2016). Redox interventions to increase exercise performance. J. Physiol.
594, 5125–5133. doi: 10.1113/JP270653
Siluk, D., Donald, E. M., Naomi, G., Darrell, A., and Irving, W. W. (2007).
HPLC–atmospheric pressure chemical ionization mass spectrometric
method for enantioselective determination of R,S-propranolol and
R,S-hyoscyamine in human plasma. J. Chromatogr. B Anal. Technol.
Biomed. Life Sci. 859, 213–221. doi: 10.1016/j.jchromb.2007.0
9.035
Svensson, M., Malm, C., Tonkonogi, M., Ekblom, B., Sjödin, B., and Sahlin,
K. (1999). Effect of Q10 supplementation on tissue Q10 levels and adenine
nucleotide catabolism during high-intensity exercise. Int. J. Sport Nutr. 9,
166–180. doi: 10.1123/ijsn.9.2.166
Thompson, D., Williams, C., Garcia-Roves, P., McGregor, S. J., McArdle, F., and
Jackson, M. J. (2003). Post-exercise vitamin C supplementation and recovery
from demanding exercise. Eur. J. Appl. Physiol. 89, 393-400.
Wadley, A. J., Chen, Y. W., Lip, G. Y., Fisher, J. P., and Aldred, S. (2016).
Low volume–high intensity interval exercise elicits antioxidant and anti-
inflammatory effects in humans. J. Sports Sci. 34, 1–9. doi: 10.1080/02640414.
2015.1035666
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2019 El Abed, Ammar, Boukhris, Trabelsi, Masmoudi, Bailey, Hakim
and Bragazzi. This is an open-access article distributed under the terms of
the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.
Frontiers in Physiology | www.frontiersin.org 10 July 2019 | Volume 10 | Article 842
